Inspired by the rolling behavior of oosperm through smooth muscle contraction of fallopian tube, a simple biomimetic experiment is devised in order to disclose the possibly mechanical transport mechanism. An interesting experimental observation demonstrates that an elastic strain gradient can be utilized to transport a soft latex bubble on a stretchable substrate by rolling. A corresponding theoretical model is established, in which an elastically three-dimensional bubble contacts adhesively on an elastic substrate subject to strain gradient. The initiation and steady-state energy release rates for such a rolling motion are achieved and analyzed. The influencing factors of rolling are found. The finding may have general implications on designing active transport systems with strain gradient.
Introduction
Biological transport via tissue contraction is a ubiquitous phenomenon in living systems. A prominent example is the transport of oosperm from ovary to uterus through the fallopian tube during pregnancy. While it is clear that the transport of oosperm involves smooth muscle contraction [1, 2] , the detailed mechanism still remains elusive [1] [2] [3] [4] [5] [6] [7] , due in part to the complexity of cellsubstrate interactions via receptor-ligand binding as well as various physical forces inside and outside of the cytoskeleton [8] [9] [10] [11] [12] . Cells are known to respond to mechanical forces exerted through surrounding fluid, adhering beads or substrates [9, [12] [13] [14] , and they could detach, slip or roll on a substrate in response to these forces [15] [16] [17] [18] [19] [20] [21] [22] . For example, cells on a cyclically stretched substrate tend to reorient themselves away from the stretching direction [23] [24] [25] [26] [27] , and cells migrate along a substrate with rigidity gradient (durotaxis) [18] . Blood cells are found to undergo a transition from rolling to translational motion on a blood vessel wall under increasing hydrodynamic shear forces [19] , exemplifying a general fact that it takes less effort for a round object to roll than to slip on a substrate [28, 29] .
Could muscle contraction actually provide a driving force for the transport of an object? If so, what determines the direction of transport? While a symmetric contraction cannot provide a direction of motion, a strain gradient generated by a spatially non-uniform contraction could. Here we examine the hypothesis that an elastic strain gradient along a non-uniformly deforming substrate could induce the rolling of a particle in the direction of strain gradient.
In this paper, a biomimetic experiment is conducted first in order to verify our hypothesis. Then, a corresponding contact model of an elastic bubble adhering on an elastic substrate subject to strain gradient is established, in which influencing factors of the initial and steady-state rolling are analyzed. Conclusions are made finally.
Biomimetic experiment of adhesive rolling
To demonstrate the basic phenomenon, we devised a simple experiment in which a soft elastic latex bubble is placed in adhesive contact with a sticky and non-uniformly deforming substrate. In the experimental set-up shown in Fig. 1(a) , a sticky elastic layer made of thermal plastic rubber is put on a rigid epoxy resin substrate. To create a strain gradient on the surface of the elastic layer, an interfacial crack is introduced near the edge of the interface and a horizontal displacement is imposed at the detached end of the elastic layer. As the layer is stretched beyond a critical strain, the interfacial crack starts to propagate, inducing an elastic strain gradient in the layer that moves with the crack tip. The latex bubble is then placed on the surface of the elastic layer ahead of the interfacial crack tip, where the layer is well bonded to the rigid epoxy resin substrate. As the elastic layer is stretched but before the crack tip reaches the bubble, the surface strain is nearly zero due to the constraint from the rigid substrate. As the moving crack tip reaches where the bubble adheres and brings with it an elastic strain gradient across the crack tip, the elastic bubble begins to roll along the surface, as shown in Fig. 1 
(b).
It is easy to show that the observed bubble motion is not caused by gravity by simply repeating the experiment with the whole device tilt at a small angle while observing the bubble to continue to roll along the strain gradient against gravity, as shown in If the propagating velocity of the interface crack is increased, the bubble is observed to roll faster with the crack tip. If the interface crack is stopped, the bubble stops too at a small distance ahead of the crack tip. When the interface crack propagates slowly, the bubble rolls with nearly the same velocity as that of the crack tip. The phenomenon is somewhat analogous to a boat traveling with a moving tide. If the bubble is initially placed far away from the interface crack, rolling does not occur until the crack tip moves near the bubble. If the bubble is placed behind the interface crack tip, it hardly moves at all as the crack propagates away. Only when the bubble lies within the strain gradient region near the tip of a moving interface crack does it roll along with the crack. No external force is applied on the bubble during the experiment.
Previous researches have shown, both theoretically and experimentally, that a uniform elastic strain imposed on a substrate tends to reduce the contact area of a particle adhering on a substrate [30] [31] [32] [33] [34] [35] [36] . In the present experiment, the strain field in the elastic layer is highly non-uniform across the tip of the interface crack. Since the elastic strain tends to reduce the contact area between the particle and substrate, one may assume that there will be a driving force for the particle to move along the strain gradient in order to minimize the local strain in the neighborhood of the particle. A comparable finding to the present rolling motion induced by the inhomogeneous strain field is the spontaneous migration of droplets resulted from an asymmetrical chemical interaction [37] [38] [39] [40] [41] . Furthermore, it was found recently that temperature gradient could also be a driving force for a bubble to move against liquid flow [42] . All the interesting phenomena indicate that the heterogeneity of environmental fields can be a generally driving force for transport.
Theoretical model and analysis
To model the experiment, we developed a theoretical model with a pressurized gas-filled spherical bubble adhering on an elastic substrate subject to a strain gradient.
For such a gas-filled balloon in adhesive contact with an initially stress-free substrate via van der Waals interaction, the contact area is a circle of radius [43] 
where R is the bubble radius; E m , v and h m are the Young's modulus, Poisson's ratio and thickness of the membrane, respectively; P i = P i − P 0 is the overpressure in the bubble, P i being the internal pressure and P 0 the external (atmospheric) pressure; and is a constant related to the material constants of the system [43] . It should be noted that even for a liquid-filled balloon, rolling motion should also be found experimentally and a similar model can be established, of which the initial contact area between the liquidfilled balloon and the initially stress-free substrate has been given in [44] . In this paper, we only consider the gas-filled case.
The initiation of rolling
Initially, the adhering bubble has a membrane strain ε 0 and the substrate is stress-free. Now introduce a strain gradient field ε s (x) = ε 1 − Áx in the x-direction in the substrate, where Á = (ε 1 − ε 2 )/2a, ε 1 and ε 2 being strains at the trailing and leading edges of the contact region, as shown in Fig. 2 . Due to the substrate strain, the x-component of the membrane strain in the contact region becomes ε init m (x, z) = ε 0 + ε 1 − Áx. To determine the initiation driving force for bubble motion, consider an infinitesimal virtual displacement ıx in the x-axis direction of the contact region as a result of rolling. As shown in Fig. 2 , the rolling process involves the detachment of a small area ıA t ≈ 2aıx near the trailing edge (left shadow area) and attachment of an area ␦A l (right shadow area) near the leading edge.
At the trailing edge, the additional strain in the membrane above ε 0 induced by the substrate strain will be released due to the detachment. The released strain energy at the trailing edge can be obtained as follows
whereε = (ε 1 + ε 2 )/2 is the average strain in the contact area. Then, the energy release rate at the trailing edge can be obtained,
It is worth noting that there is no energy change at the leading edge as the membrane attaches to the substrate, i.e.
The total energy release rate is
The criterion for the initiation of rolling is then
where trailing and leading represent the work of adhesion at the trailing and leading contact edges, which can be determined from the so-called "over-loading" and "under-loading" experiments [45] . Normally, trailing and leading are different due to viscoelastic behaviors at the contact interface. This result indicates that both the strain gradient and the average strain influence the initiation of motion.
The steady state rolling
In our experiment, a gradient strain field moves along with the crack tip and toward the adhering latex bubble. Once Eq. (6) is satisfied, the bubble starts to roll. Subsequently, the membrane of the bubble continuously attaches to the substrate at the leading edge and detaches at the trailing edge. Within the contact region, the membrane strain can be expressed as
which is equal to ε 0 at the leading edge x = a + a 2 − z 2 where the membrane is attached to the substrate and increases with the substrate strain until detachment occurs at the trailing edge x = a − a 2 − z 2 . During the steady state rolling, the released energy at the trailing edge, similar to the calculation in Eq. (2), can be achieved,
At the leading edge, no energy change happens, which is similar to the case of the initiation of rolling.
Then, the global energy release rate is
Note that, while G init depends on both the average strainε and strain gradient Á, G ss only depends on Á. Therefore, in the absence of a strain gradient, there can be membrane detachment [30] [31] [32] [33] [34] [35] [36] but no subsequent directional motion. The average strain in the substrate can only affect G init , hence the initiation of a detachment, but it has no effect on the steady state energy release rate G ss which is necessary for the observed directional motion. It is also interesting to note that G init and G ss also depend on the contact radius a and the inherent membrane strain ε 0 of the bubble.
Comparison between our theoretical prediction and experimental measurement is not conducted so far due to the required material constants and inner pressure in the spherical bubble. Future work will focus on this issue.
Conclusion
In summary, we have shown through both experiment and theory that an elastic strain gradient could be utilized to transport particles along a substrate. A bubble contact model has been used to derive the initiation and steady state energy release rates associated with such strain gradient induced motion. This phenomenon could provide a basis for further investigations of a range of biological transport processes by muscle contractions.
